Abstract-QT prolongation is the only clinically proven, yet insufficient, electrocardiogram (ECG) biomarker for druginduced cardiac toxicity. The goal of this study is to evaluate whether JT area, i.e., total area of the T-wave, can serve as an ECG biomarker for drug-induced cardiac toxicity using both signal processing and computational modeling approaches. An ECG dataset that contained recordings from patients under control and sotalol condition was analyzed. In order to relate sotalol-induced ECG changes to its effect on ion channel level, i.e., blockade of the rapid component of the delayed rectifier potassium channel (I Kr ), varied degrees of I Kr blockade were simulated in a slab of ventricular tissue. The mean JT area increased by 36.5% following the administration of sotalol in patients. Simulations in the slab tissue showed that sotalol increased action potential duration preferentially in the midmyocardium, which led to increased transmural dispersion of repolarization and JT area. In conclusion, JT area reflects the transmural dispersion of repolarization and may be a potentially useful surrogate/supplemental ECG biomarker to assess drug safety.
I. INTRODUCTION
ARDIAC toxicity, particularly proarrhythmic effects, is a major safety concern in the development of both antiarrhythmic and non-antiarrhythmic drugs. Currently, QT prolongation is the only clinically proven electrocardiogram (ECG) biomarker for drug safety. It is, however, well recognized that QT prolongation alone is inadequate for assessment of drug-induced cardiac toxicity due to the poor correlation between QT prolongation and occurrence of arrhythmias [1] . A large body of research has been dedicated to the exploration of new biomarkers of drug-induced cardiac toxicity (see reviews in [2] ). The TRIaD concept has been proposed to emphasize the importance of combined roles of action potential triangulation (T), reverse use dependence of the drug (R), beat-to-beat instability (I) and spatial dispersion of depolarization (D) [3, 4] . It suggests that QT prolongation in the presence of TRIaD preferentially leads to arrhythmias, while QT prolongation without TRIaD may be antiarrhythmic. Thus, new ECG biomarkers obtained by extracting TRIaD from ECG, either alone or combined with QT interval, may provide a better drug safety assessment than QT interval alone.
JT area, i.e., total area of the T-wave, has been shown to be an indicator of temporal and spatial dispersion of repolarization as administration of class III antiarrhythmic drugs (drugs that block potassium channels) increased both JT area and dispersion of repolarization in dogs [5] . The goal of this study is to evaluate the predictive value of JT area as a surrogate/supplemental ECG biomarker for drug-induced toxicity using both signal processing and computational modeling approaches. Specifically, on one hand, ECG signal processing algorithms were developed to analyze changes in JT area induced by sotalol (a class III antiarrhythmic drug) in patients; on the other hand, a multiscale computational modeling study was conducted in order to interpret and evaluate sotalol-induced changes in ECG in terms of the underlying sotalol-induced changes at the ion channel level, i.e., blockade of the rapid component of the delayed rectifier potassium channel (I Kr ).
II. METHODS

A. Signal Processing
The ECG dataset that was employed was obtained from the THEW database (http://thew-project.org/). This dataset contained surface 12-lead ECG recordings from 16 patients (with a history of drug-induced Torsades de pointes) pre and post injection of sotalol. The sampling frequency and resolution were of 1 kHz and 5 !V respectively (see detailed descriptions in [6] ). All analyses reported in this study were performed on the lead II ECG. Specifically, ECG baseline wander was eliminated using cubic spline technique. Wave delineation, i.e., identification of fiducial points (peaks and limits for individual P, QRS and T waves), was performed via quadratic spline wavelet transform of the ECG signal, the performance of which has been shown to be accurate and reliable [7] .
For each patient, a 30-consecutive beat interval free of ectopic beats was manually selected under control and sotalol condition, respectively. QT interval was measured as the interval between the onset of QRS wave and the end of the T-wave. The heart rate-corrected QT interval, QTc, was calculated using Bazett's formula. JT area of each beat was computed as the area between the curve and the baseline from J-point to the end point of the T-wave [5] . The baseline referred to the isoelectric segment preceding QRS complex. J-point was defined as 10 ms following the end point of QRS complex. Short-term variability (STV) of JT area was calculated as the mean orthogonal distance from each point 
, where D is the JT area) [8] . Results were reported as mean±SD. Paired Student's t-test was used for the statistical comparison of the means between the control and sotalol condition. A P-value less than 0.05 was considered significant.
B. Computational Modeling
The Chaste simulator (http://web.comlab.ox.ac.uk/ chaste/cardiac_index.html) was used to investigate the effect of sotalol, i.e., I Kr blockade, on pseudo-ECG in a slab of ventricular tissue. The cubic slab was of 0.45 cm edge length and consisted of three transmural layers, i.e., epicardial (0.11 cm), midmyocardial (0.17 cm) and endocardial (0.17 cm) layers [9] . The electrical activity of the slab was simulated using the bidomain model [10] . The bidomain model represents the cardiac tissue with both intracellular and extracellular continua, separated by the membrane. The intracellular potential ($ i , mV) and extracellular potential ($ e , mV) satisfy the following equations:
where I m and I stim are the volume density of the transmembrane current and stimulus respectively (µA/cm 3 ); % i and % e are the intracellular and extracellular conductivity tensor respectively (mS/cm).
Membrane kinetics was represented by the MahajanShiferaw rabbit ventricular model [11] . Transmural heterogeneities in the slow component of the delayed rectifier potassium channel (I Ks ) and the transient outward current (I to ) were simulated as in previous studies [12] . Homogeneous I Kr blockade was simulated by decreasing the maximum conductance of I Kr from its control value to 0% in steps of 20% throughout the slab.
To ensure steady-state propagation, the slab was paced from the entire endocardial surface at a basic cycle length of 300 ms. Action potentials (APs) and pseudo-ECG during the last pacing beat were analyzed. Transmural dispersion of repolarization (TDR) was measured as the maximum difference in AP duration (APD) from any two ventricular sites. Extracellular unipolar potential (pseudo-ECG) was recorded from the center of the outmost epicardial layer. QT interval was measured as the interval between the peaks of the Q-wave and the T-wave. JT area was calculated by integrating pseudo-ECG above the isoelectric line over the JT interval.
The computational mesh contained 162,000 tetrahedral elements. Simulations were run with 5-!s time steps on a 4-processor computer (AMD Phenom(tm) 9600B Quad-core Processor 1.15 GHz 3.9 GB RAM). Fig. 1 illustrates representative traces of lead II-ECG recorded in a patient before (solid line) and after (dashed line) administration of sotalol. It is clear that sotalol increased JT area dramatically.
III. RESULTS
A. Signal Processing
Statistical analysis (Table 1) showed that sotalol led to significant increase in RR interval, QT interval, QTc interval, JT area and STV of JT area. Their mean values increased by 24.5%, 26.6%, 13.2%, 36.5% and 54.8%, respectively following the administration of sotalol. Fig. 2 shows the time course of the AP from a representative site in each transmural layer ( Fig. 2A) and also the pseudo-ECG (Fig. 2B) for control (solid lines) and 100% I Kr blockade (dashed lines) condition, respectively. Complete I Kr blockade led to APD prolongation by 19, 23, and 19 ms in epicardial, midmyocardial and endocardial layers, respectively. Vertical lines indicate that for both conditions, the onset of the T-wave corresponds to the time when AP in the midmyocardial layer starts to deviate from that in the epicardial and endocardial layer, and the end of the T-wave corresponds to the time when APs in all three layers returns to the rest state. These findings are consistent with experiments on dog ventricular wedge preparations [13] . Fig. 2C presents changes in JT area with varying degrees of I Kr blockade. As the degree of I Kr blockade increased from 0% to 100%, JT area increased almost linearly by 38.0%, accompanied with a gradual increase in TDR by 17.0% and a gradual increase in QT interval by 20.0%. 4.8±2.6 0.008 * QTc = heart rate-corrected QT interval; STVJT = short-term variability of JT area. IV. DISCUSSION This combined signal processing and computational modeling study demonstrated that sotalol increased APD preferentially in the midmyocardium, and consequently led to increased transmural dispersion of repolarization and JT area. JT area appeared to be a potential ECG biomarker for better predicting and understanding drug-induced cardiac toxicity.
B. Computational Modeling
Torsades de pointes (TdP) is a polymorphic ventricular tachycardia that can potentially degenerate into lifethreatening ventricular fibrillation. QT prolongation is one major characteristics of TdP. But drug-induced QT prolongation, even to a significant extent, might not lead to occurrence of TdP [3, 8] . As a matter of fact, in our study, although the mean QTc interval was 489.7 ms following sotalol injection, which is above the established cut-off values (450 ms for men and 460 ms for women [14] ), no episodes of TdP were observed among all patients. This, together with existing studies, suggests the necessity to identify a new biomarker for drug toxicity instead of using QT prolongation alone.
Our ECG signal analysis showed that sotalol resulted in significant increase in JT area, the mean value of which increased by 36.5% when compared with control. This is consistent with the experimental study in dog ventricles where the mean JT area increased by 90.0% following administration of class III antiarrhythmic drugs [5] . Furthermore, in our results, the percentage increase in the mean JT area was nearly three times greater than that in mean QTc interval, suggesting a better sensitivity to druginduced changes in JT area. It is noted that our analysis was performed on a single lead. Studies have shown that the accuracy and sensitivity to drug-induced QT prolongation varied when using different ECG leads [15] . Thus the optimal lead for detecting changes in JT area may be determined by repeating the same analysis on other leads.
Our computational modeling study demonstrated the preferential prolongation of APD in the midmyocardium following I Kr blockade, consistent with the findings in dog ventricular wedge preparations [13] . Such heterogeneous changes in transmural distribution of APD led to dispersion of repolarization and thus increased JT area. Specifically, with 100% I Kr blockade, the prolongation of APD in midmyocardium was 4 ms more than that in both epicardium and endocardium. The corresponding increase in JT area was 38.0% comparing to the control condition. This confirmed the high sensitivity in JT area as discussed above.
In summary, JT area has the potential to serve as a surrogate or supplemental ECG biomarker other than QT prolongation to assess drug safety. Further evaluation is needed in order to establish the predictive value of JT area. A combined signal processing and computational modeling study as conducted here provides a unique way in the search for new biomarker of proarrhythmic risk. Successful identification of such biomarkers can help prevent abandonment of potentially useful drug compounds.
Limitations. The ECG dataset examined in this study was collected from a limited number of patients and only involved one type of drugs. Future studies with a larger sample size and more varieties of drug compounds, such as classes I and IV antiarrhythmic drugs that block sodium and calcium channels respectively, are feasible and will help establish and define the predictive value of JT area. Additionally, in this study, sotalol-induced increase in QTc was more important (i.e., has a smaller P-value) than that in JT area. Further investigations of the predictive value of JT area for drugs that do not have a significant QT prolongation effect are currently undertaken in our group. As to computational modeling, the ionic model used in this study was the rabbit model, while the most appropriate membrane model to use in our study would have been a human model for obvious reasons. Variations in JT area due to speciesrelated differences could quantitatively change the results. However, the mechanisms uncovered in this study would remain the same.
